ABSTRACT: Transition metal-transporting P 1B -type CPx ATPases play crucial roles in mediating metal homeostasis and resistance in all cells. The degree to which N-terminal metal binding domains (MBDs) confer metal specificity to the transporter is unclear. We show that the two MBDs of the Zn/Cd/Pb effluxing pump Anabaena AztA are functionally nonequivalent, but only with respect to zinc resistance. Inactivation of the a-MBD largely abrogates resistance to high intracellular Zn(II) levels, whereas inactivation of the b-MBD is not as deleterious. In contrast, inactivation of either the a-or b-MBD has little measurable impact on Cd(II) and Pb(II) resistance. The membrane proximal b-MBD binds Zn(II) with a higher affinity than the distal N-terminal a-MBD. Facile Zn(II)-specific intermolecular transfer from the a-MBD to the higher-affinity b-MBD is readily observed by 1 H-15 N HSQC spectroscopy. Unlike Zn(II), Cd(II) and Pb(II) form saturated 1:1 S 4 or S 3 (O/N) complexes with AztA aHbH , where a single metal ion bridges the two MBDs. We propose that the tandem MBDs enhance Zn(II)-specific transport, while stabilizing a non-native inter-MBD Cd/Pb cross-linked structure that is a poor substrate and/or regulator for the transporter.
Complex metal homeostasis and trafficking systems control the bioavailability of essential transition metal ions while ensuring that these and other abiological xenobiotics, including Cd, Pb, Hg, and As, do not accumulate inside cells. The heavy metal ion-transporting CPx-ATPases represent a large subfamily of P-type ATPases (P 1B -type) found in both prokaryotes and eukaryotes that play important roles in metal homeostasis (1) (2) (3) (4) (5) . All are characterized by eight transmembrane (TM) 1 helices that likely form the channel for transport. TM6 bears the CPx signature sequence, which is thought, in conjunction with other residues in the membrane helices, to coordinate the metal during transport (6) . Large cytoplasmic loops are folded into structurally characterized actuator (7) [A-domain ( Figure 1A )] and ATP binding domains (8, 9) (N-and P-domains), with metal translocation coupled to phosphorylation of an aspartate residue in the P-domain.
Another significant feature of CPx-ATPases is that most have N-terminal and/or C-terminal cytosolic extensions, often containing one or more tandemly linked ferredoxin fold-like R R metal binding domains (MBDs) ( Figure 1A ) (10) . For example, the Wilson's and Menkes disease Cu/Agspecific ATPases ATP7A and ATP7B, respectively, have six tandemly linked MBDs, while those from lower eukaryotes and most prokaryotes have zero, one, or two MBDs. These MBDs are known to provide docking sites for Cu chaperones that allow Cu to be handed off, via intermolecular metalligand exchange reactions, to partner MBDs without dissociation of the metal into bulk solution (11) (12) (13) (14) . This provides strong support for the central tenet of the Cutrafficking hypothesis (15, 16) . Mechanistic studies with Archaeglobus fulgidis CopA suggest that metal binding to the single N-terminal MBD plays a regulatory role in enhancing the rate of dephosphorylation of the phosphoaspartate residue in the E2 state; this increases the rate of metal ion release which is rate-limiting in multiple-turnover experiments (17) .
Some divalent metal ion (Zn/Cd/Pb)-specific P 1B -type ATPases (2) are also known to possess an MBD, but the functional role that this domain plays is a topic of ongoing investigation. Since there are no known zinc chaperones, the significance of protein-protein docking and intermolecular transfer is unclear. However, there is some evidence in support of the idea that the specific structural features of individual MBDs might provide some metal selectivity to the transporter itself, despite the fact that they all adopt essentially the same R R fold (10) and all metal complexes employ the two conserved Cys residues of the CXXC sequence as metal donor atoms (18) (19) (20) (21) . For example, in both copper chaperones and MBDs derived from Cu/Ag transporters, the Cu(I) is often coordinated via a linear bis-thiolate complex (22) (23) (24) ; in another case, a distorted trigonal S 2 N complex is found, where a His derived from loop 5 between helix R2 and strand 4 is a ligand (25) . For the Zn/Cd/Pb transporter Escherichia coli ZntA, a conserved Asp just N-terminal to the first Cys (DCXXC) was proposed to drive 3-or 4-coordination of Zn(II) (19) ; in contrast, for the Cd/Pb-selective transporter Listeria monocytogenes CadA, a conserved Glu in loop 5 (E61 in Figure 1B ) appears to form a coordination bond to the Cd(II) in a binuclear homodimeric subunit bridging structure (20) . FIGURE 1: (A) Schematic representation of the domain structure of AztA showing the two tandem MBDs followed by an ≈30-residue hydrophilic His-rich linker. The predicted eight transmembrane helices, cytosolic ATP binding domains (N and P), and actuator domain (A), and putative CPC intramembrane zinc transport site are shown. The homology models of the AztA a-MBD and b-MBD were generated using B. subtilis CopAa (PDB entry 1OPZ) as a template using Swiss-Model (http://swissmodel.expasy.org//SWISS-MODEL.html). (B) Sequence alignment of the N-terminal region of AztA with analogous domains associated with other divalent or monovalent CPx-ATPases. The sequences are the first and second MBDs of Anabaena PCC 7120 AztA, ZiaA from Synechocystis spp. PCC 6803, ZntA from E. coli, CopA_a and CopA_b from B. subtilis, and the first and second MBDs from the Wilson disease ATPase, ATP7B. The deduced secondary structure derived for AztA aH is also shown.
Anabaena AztA (alr7622) is a P 1B -type ATPase efflux pump encoded by the azt (Anabaena zinc transport) operon whose expression is transcriptionally induced upon direct binding of Zn, Pb, or Cd by the ArsR (or ArsR/SmtB) family (26) regulator AztR (27) . AztA possesses the unique functional property of conferring significant Zn(II) resistance to a transformed Zn/Cd/Pb-hypersensitive E. coli strain (GG48), relative to Cd(II) and Pb(II) (27) . In fact, cadmium and lead resistance is barely detectable relative to that conferred by other known Pb/Cd/Zn-transporting ATPases, including E. coli ZntA (28) and CadAs from Streptomyces aureus, Ralstonia metallodurans, and L. monocytogenes (29) . AztA is also distinguished from other characterized Zn/Cd/ Pb transporters on the basis of harboring two N-terminal MBDs, each of which is followed by an ≈30-residue hydrophilic His-rich linker (Figure 1 ). The two MBDs of AztA are 44% identical, pairwise, in amino acid sequence (71% similar), and each contains a DCXXC sequence and lacks the Glu in loop 5 found in CadAs. Since AztA is unique in incorporating tandem MBDs followed by His-rich segments, this led us to hypothesize that some aspect of these specific features might confer higher selectivity for Zn(II) relative to Cd(II) and Pb(II).
In this report, we show that the two MBDs of Anabaena AztA play nonredundant structural and functional roles in metal binding and heavy metal resistance in vivo, but only with respect to zinc resistance. We show that the membrane proximal b-MBD has a higher affinity for Zn(II) than the distal a-MBD, and consistent with this, Zn(II) prebound to the a-MBD facilely moves to a metal-free b-MBD. However, the low-affinity a-MBD plays a critical role in mediating zinc resistance under conditions of high zinc toxicity in a manner that does not require the b-MBD. This suggests that the a-MBD is capable of functioning in a manner independent of the b-MBD in maximally stimulating transport under high intracellular zinc loads. In contrast, both Cd(II) and Pb(II) form stable 1:1 S 4 or S 3 (N/O) complexes in AztA aHbH , where a single metal ion bridges the two Cys-X 2 -Cys sites from aand b-MBDs or forms intermolecular a-a′ and b-b′ crosslinked structures. We hypothesize that these structures represent kinetically trapped intermediates that are poor substrates or regulators for metal transport by AztA.
MATERIALS AND METHODS

Plasmid Construction of Wild-Type and Mutant azt Operons and Metal SensitiVity Assays.
The complete azt operon (27) was amplified from genomic DNA from the cyanobacterium Anabaena strain PCC 7120 and subcloned into pET3a (Novagen) between the BglII and EcoRI sites to create pETazt. A PCR-based quick-change method was employed for simultaneous substitution of Cys19 and Cys22 or Cys120 and Cys123 with Ser using pETazt as a template to create pETazt-C19S/C22S or pETazt-C120S/C123S, respectively. pETazt-C19S/C22S/C120S/C123S was prepared in an analogous fashion using pETazt-C19S/C22S as the PCR template. pETazt-∆(1-105) was constructed by looping out the coding region for AztA aH using a PCR-based quick-change mutagenesis strategy with pETazt as the template. All plasmids were fully sequenced to verify their integrity. pETazt, pETazt-C19S/C22S, pETazt-C120S/C123S, pETazt-C19S/ C22S/C120S/C123S, and pETazt-∆(1-105) were transformed into E. coli GG48 (∆zitB::Cm ∆zntA::Km) (30) and grown overnight at 37°C in LB medium supplemented with 100 µg/mL ampicillin. Cultures were then diluted 1:50 into 10 mL of fresh LB/ampicillin medium supplemented with the indicated concentrations of metal salts, and the OD 600 , respectively. All Cys residues in AztA domains were reduced as revealed by an anaerobic DTNB assay (32) .
Cd(II) and Pb(II) Binding Experiments. Metal ion binding experiments with Cd(II) and Pb(II) were carried out anaerobically at ambient temperature (≈25°C) as described previously (27) in either buffer C (for Cd) or buffer H [10 mM bis-Tris and 0.4 M NaCl (pH 7.0)] (for Pb). Metal binding isotherms were fit using DynaFit (33) as described previously (34) to 1:1 binding models with the total concentration of metal binding sites on AztA derivatives being an adjustable parameter.
) (35) was employed in a Zn(II) competition assay with various AztA MBD fragments. Magfura-2 (7-10 µM) was mixed anaerobically with a known concentration of apoprotein (18-20 µM) in buffer C (34) . The metal concentrations of each titrant were verified by atomic absorption spectroscopy, and the data were fit using a competitive binding model (DynaFit) (33, 34) with K Zn (mag-fura-2) and [mag-fura-2] as fixed parameters, and the total concentration of Zn(II) binding sites on AztA derivatives as an adjustable parameter, to account for errors in pipetting, partial inactivation due to cysteine oxidation, or heterogeneity of metal sites. likely reports on an intermolecular b-b′ bridging species, analogous to the a-a′ bridging species that is observed for AztA aH (see Figure S1 of the Supporting Information). NMR Spectroscopy. All NMR spectra were acquired on a Varian Unity Inova 600 MHz spectrometer in the Biomolecular NMR Laboratory at Texas A&M University. Sample preparation and subsequent metal additions were conducted in an anaerobic Vacuum Atmospheres glovebox at ambient temperature and incubated at least 2 h before the spectra were recorded. 1 H-15 N HSQC spectra were typically acquired using a 400 µM solution of uniformly 15 N-labeled AztA aH (0.4 mM) incubated for 12 h in an anaerobic chamber was mixed with unlabeled C19S/C22S AztA aHbH at molar ratios of 1:1 and 1:1.5, and 1 H-15 N HSQC spectra were recorded within 2 h as described above.
X-ray Absorption Spectroscopy of Zn-and Cd-AztA aH Complexes. Samples of ≈1 mM AztA aH containing 0.7 molar equiv of Zn(II) or 0.5 molar equiv of Cd(II) were loaded into 10 µL wells of Lexan cuvets with 0.001 in. thick Kapton windows. Zn and Cd K edge X-ray absorption spectroscopic data were collected at the Stanford Synchrotron Radiation Laboratory on beamline 9-3 with the SPEAR3 ring operating at 3.0 GeV and 85-100 mA, with a fully tuned Si (220) LN 2 -cooled monochromator, using a vertical aperture of 1 mm, and the upstream mirror set for harmonic rejection. Fluorescence excitation spectra were collected using a 30-element intrinsic Ge detector (Canberra) windowed to either Zn or Cd KR emission. For Zn, a 6 µm Cu fluorescence filter backed by Soller slits was employed. The spectra shown in Figure 5 were averaged from six (Zn) and three (Cd) 21 min scans, and the data were reduced and analyzed using EXAFSPAK (http://www-ssrl.slac.stanford.edu/exafspak.html). Internal energy calibration defined the first inflection of Zn and Cd elemental standards as 9660.7 and 26714.0 eV, respectively. k values were calculated using threshold (k ) 0) energies of 9670 and 26 720 eV, respectively.
RESULTS
The a-and b-MBDs Play Functionally NonequiValent
Roles in Zinc Resistance in E. coli. Previous studies of metalsensing cyanobacterial operons regulated by ArsR family repressors suggest that these operons function similarly in E. coli and their original cyanobacterial hosts (27, 38, 39) . To evaluate the degree to which individual MBDs are required to confer metal resistance in cell culture, we transformed the well-characterized Zn/Pb/Cd hypersensitive strain E. coli GG48 (∆zitB, ∆zntA) (30), which lacks both known low-and high-affinity Zn/Cd efflux systems, with plasmids encoding the complete Anabaena azt operon in which one MBD or the other was inactivated by mutation. Figure 2A reveals that E. coli GG48 transformed with an azt operon in which the a-MBD was inactivated (C19S/C22S azt) is more sensitive to zinc toxicity at long incubation times (8-10 h) relative to GG48 transformed with an azt operon in which the b-MBD was inactivated (C120S/C123S azt). Analysis of the full growth curves for these strains measured in the presence of an intermediate concentration of Zn(II) (200 µM) reveals that this differential effect manifests itself at long incubation times ( Figure 2C ). In contrast, growth curves measured at highly toxic levels of Zn(II) (g500 µM) ( Figure 2E ) reveal that while the b-MBD mutant retains a level of zinc resistance just below that of the wild-type operon, inactivation of the a-MBD confers a level of resistance only just above that of nontransformed cells. A similar level of resistance is obtained when both the a-and b-MBDs are inactivated compared to the a-MBD alone; this suggests that the a-MBD is largely capable of functioning independently of the b-MBD at high intracellular zinc loads. Unlike the case with Zn(II), inactivation of either the a-or the b-MBDs has only a small, but roughly equivalent, influence on Cd(II) resistance relative to the wild-type azt operon, with the double mutant only slightly more sensitive to high Cd(II) loads (25 µM) with long incubation times ( Figure 2B,D,F) . Thus, the presence of at least one functional MBD is sufficient to confer nearly wild-type, albeit modest (27) , levels of Cd(II) resistance in these cells, a situation that appears to contrast with that of Zn(II).
The Two MBDs of AztA HaVe Different Zn(II) Binding Affinities. The in vivo metal resistance experiments described above make the prediction that individual MBDs might have distinct Zn(II) binding properties and that complexes formed with Zn(II) might be structurally different from those formed by Cd(II) and Pb(II). We first determined the stoichiometry and affinity of Zn(II) binding to various MBD-containing AztAs using a metal chelator competition assay. Here, the Zn(II) chelator mag-fura-2 (34) with a K Zn of 5.0 × 10 7 M -1 (35) is mixed with purified AztA MBD-containing fragments and titrated with Zn(II) in an anaerobic atmosphere. The binding of Zn(II) to mag-fura-2 leads to a shift in the absorption maximum (from 366 to 325 nm). As shown in Figure 3A , the total concentration of Zn(II) required to saturate AztA aHbH (20 µM) and mag-fura-2 (9.7 µM) is ≈50 µM. This experiment reveals that AztA aHbH binds 2 molar equiv of Zn(II) with a K Zn of g10 ]. The simplest interpretation of this experiments is that each MBD of AztA aHbH binds 1 molar equiv of Zn(II) with measurably different affinities. If the His-rich linker segments in AztA aHbH bind Zn(II), these sites are characterized by an affinity K Zn of e10 5 M -1 or far weaker than that of magfura-2, since they are not observed in this assay.
To determine which MBD (a or b) binds Zn(II) more tightly, we performed parallel competition experiments with AztA aH ( Figure 3B ), which contains only the a-MBD and the His-rich region, and C19S/C22S AztA aHbH ( Figure 3C ), which contains a wild-type b-MBD and both His-rich FIGURE 2: Zinc and cadmium resistance of Zn/Cd hypersensitive E. coli GG48 transformed with azt operons containing aztA metal binding missense mutations. Representative data were derived from duplicate or triplicate measurements for E. coli GG48 transformed with pET3a vector (X), pETazt-C19S/C22S/C120S/C123S (red triangles), pETazt-C19S/C22S (black circles), pETazt-C120S/C123S (white circles), and pETazt (white squares) relative to an isogenic wild-type W3100 strain (white diamonds).
domains. As one can see, the added Zn(II) binds to AztA aH and mag-fura-2 with approximately equal affinity until saturation of the available sites occurs, with a K Zn of (9. Figure 3B ). In contrast, there is a clear plateau in the early region of the titration curve for C19S/C22S AztA aHbH ( Figure 3C ) like that for intact AztA aHbH , with a K Zn of (8.4 ( 2.8) × 10 8 M -1 or comparable to that of the high-affinity site in wild-type AztA aHbH ( Figure  3A ). These data reveal that each of the two MBDs of AztA aHbH harbors a Zn(II) binding site and that the affinity of Zn(II) for the N-terminal a-MBD is lower by a factor of 5-10 than that for the C-terminal b-MBD.
Cd(II) and Pb(II) Form Inter-and Intramolecularly Bridging Structures. Cd(II) was shown to be a strong inducer of aztA expression in Anabaena but confers little resistance to Cd(II) salts in E. coli (27) . The UV-visible absorption spectra of AztA aHbH titrated with Cd(II) show the formation of a stoichiometric 1:1 Cd(II)-AztA aHbH complex ( Figure  4A , inset), in contrast to that obtained with Zn(II) ( Figure  3 ). The intense absorption at ≈240 nm can be attributed to S -f Cd(II) ligand-to-metal charge transfer transitions with an 240 of ≈5000-6000 M -1 cm -1 expected per Cd-S bond (40, 41) . The molar absorptivity of the 1:1 Cd(II)-AztA aHbH complex is 19 000 M Cd -1 cm -1 ( Figure 4A ), a value consistent with three to four cysteine thiolate ligands. This result suggests that a single Cd(II) ion bridges both MBDs in intact AztA aHbH , an interpretation supported by sedimentation equilibrium experiments (see below).
In contrast, the single a-MBD-containing AztA aH binds only 0.5 molar equiv of Cd(II) at saturation ( Figure 4A , inset), with a molar absorptivity 240 of 11 000 M Cd -1 cm
, or approximately one-half of that of AztA aHbH ; this suggests that a single Cd(II) ion forms an intermolecular S 4 complex between two AztA aH domains. The same stoichiometry and molar absorptivity characterize the C19S/C22S AztA aHbH complex ( Figure 4A ). Similar trends are observed for Pb(II) ( Figure 4B ). Two S -f Pb(II) LMCT transitions are observed for Pb(II)-saturated AztA aHbH with the molar absorptivities and energies of these absorption bands most consistent with approximately three thiolate ligands to the Pb(II) ion (27, (42) (43) (44) .
The assembly states of Zn 1 -, Zn 2 -, Cd 1 -, and Pb 1 -substituted AztA aHbH are all described well by a single-ideal species molecular mass of ≈24 kDa in all cases, consistent with monomeric AztA aHbH (Table SI of the Supporting Information). Thus, the Cys-thiolate-rich Cd 1 and Pb 1 complexes are best described as intramolecularly bridging chelates that cross-link the a-and b-MBDs. In contrast, size exclusion chromatography analysis of apo versus Zn 1 and Cd 0.5 forms of AztA aH ( Figure S1 ) reveals that while the apparent molecular masses of apo-AztA aH and Zn 1 -bound AztA aH are mostly monomeric (≈12 kDa), addition of 0.5 molar equiv of Cd(II) gives rise to an ≈23 kDa dimeric species. These results are consistent with parallel dynamic light scattering experiments ( Figure S1 ). Thus, Cd(II) readily mediates intermolecular a-a′ cross-linking of a-MBDs between AztA aH molecules, in contrast to Zn(II).
X-ray Absorption Spectroscopy of Zn(II)-and Cd(II)-
Bound AztA aH . K-Edge X-ray absorption spectroscopy (XAS) was employed to further investigate the Zn(II) and Cd(II) metal-ligand donor sets. Cd K-edge X-ray absorption spectroscopic analysis of the Cd(II)-AztA aH complex indicates a coordination environment consisting primarily of sulfur scatterers at 2.50 Å (Figure 5A ). The data are most (19) , with a water molecule completing the tetrahedral chelate structure ( Figure 5B and Table SII) . CR, and 13 C assignments were obtained for apo-AztA aH from Ser6 to Gln75, with the exception of Leu30, and Asp18, Cys19, and Ser21 in the metal binding loop (Table SIII of ; k 3 weighting) of the Zn K-edge EXAFS of the Zn(II) 0.7 -AztA aH complex. Cadmium and zinc K-edge X-ray absorption near-edge spectra are shown in the insets of panels A and B, respectively. Parameters that define the best fits to these data are compiled in Table SII. shift indexing using PREDICTOR (36) is consistent with the expected R R topology (10), with secondary structural segments encompassing approximately residues 7-15 ( 1), 22-31 (R1), 37-42 ( 2), 47-53 ( 3), 59-67 (R2), and 71-74 ( 4) (see Figure 1B) . Binding of Zn(II) to AztA aH induces significant chemical shift perturbations in the metal binding loop region, flanking residues in the 1 strand and R1 helix, and the 2-3 loop in the proximity of the metal binding loop ( Figure 6A and Figure S3 ). In the spectral region that is shown, Val14, Cys22, and Ile26 in the metal binding loop and Val41 and Ala48 in the 2-3 loop region are good reporters of metal binding by the a-MBD.
NMR Studies of Zn(II)-, Cd(II)-, and Pb(II)-Bound
A comparison of the changes in the spectra of apoAztA aHbH upon addition of 1 (red contours) versus 2 (green contours) molar equiv of Zn(II) reveals that the addition of the first molar equivalent of Zn(II) induces very little perturbation in the amide groups of the a-MBD, consistent with the relative affinities of the two MBDs for Zn(II) ( Figure  3 ). Upon addition of the second molar equivalent of Zn(II), we see significant perturbations in the a-MBD within AztA aHbH ( Figure 6B ), analogous to those changes observed upon addition of Zn(II) to AztA aH ( Figure 6A ). In contrast, addition of a stoichiometric amount of Cd(II) ( Figure 6D ) or Pb(II) ( Figure 6C) induces perturbations of the a-MBD resonances qualitatively analogous to those observed upon addition of Zn(II) to AztA aH , with Cys22, Ile26, and Val41 reporting most strongly on these changes ( Figure 6A ). Note that these spectral changes do not allow us to easily discriminate between monomolecular a-MBD and interdomain a-b MBD metal-cross-linked species since we can observe changes in only a-MBD resonances. Nonetheless, these data are consistent with formation of an a-MBD-b-MBD site-bridging complex in Cd 1 -and Pb 1 -AztA aHbH complexes that is structurally distinct from that in the Zn 1 and Zn 2 complexes.
Facile Transfer of Zn(II) from the a-MBD to the b-MBD.
Since the b-MBD has a higher equilibrium affinity for Zn-(II) relative to the N-terminal a-MBD, this finding makes the prediction that Zn(II) bound to the a-MBD should be capable of transferring to the b-MBD on thermodynamic grounds, provided the energy barrier between the two states is small. To test this idea, we incubated Zn(II)-complexed, 15 N-labeled AztA aH (red contours) with unlabeled apo-C19S/ C22S AztA aHbH at a ratio of 1:1 (blue contours) and monitored metal occupancy of the a-MBD by 1 H-15 N HSQC spectroscopy (Figure 7 ). These data show that the apo b-MBD is capable of stripping the Zn(II) prebound to the a-MBD, given the appearance of apo state resonance frequencies for Cys22, Ile26, and Val41 in 15 N-labeled AztA aH , among others. The transfer efficiency estimated by the relative peak intensities of Zn(II) versus apo state crosspeaks for Val41 suggests that g80% of the Zn(II) moved 
DISCUSSION
How N-terminal MBDs influence metal transport by the divalent metal ion-specific P 1B -type ATPases is not fully understood. In simple Zn/Cd/Pb-specific P 1B -type ATPases, e.g., E. coli ZntA, kinetic studies reveal that the single N-terminal MBD enhances the steady state ATPase activity (46) and overall turnover of the enzyme, either by increasing the rate of metal binding, which is fast (≈10 8 
) (47), or by stimulating the release of metal ion from the transmembrane site, which is rate-limiting for transport (17) . Our studies with Anabaena AztA provide new insights into how tandemly linked MBDs in a divalent metal transporter might bias the metal specificity of the efflux pump more toward Zn(II), relative to abiological Cd(II) and Pb(II) ions, in a way that is not achievable with a single MBD. They further suggest that the trend toward increasing numbers of MBDs found in mammalian copper-specific transporters might have been used to fine-tune the intrinsic metal selectivity and transport efficiency of the pump beyond that which was possible with no or one MBD.
Consistent with previous studies, neither MBD is absolutely essential for mediating metal resistance and, by extension, metal efflux through the AztA transporter (48) . However, they do suggest that the low-affinity a-MBD serves a specialized regulatory role under high intracellular zinc loads in a manner that appears to be largely independent of the b-MBD (Figure 2 ). Perhaps only under these conditions would the low-affinity N-terminal a-MBD be capable of binding Zn(II) in the cell, which would then quickly move via simple mass action (dissociation and/or reassociation) or direct transfer via metal-ligand exchange to the membrane proximal b-MBD (Figure 7) or the transmembrane site itself (see Figure 8A ) on thermodynamic grounds, given the higher affinity of each for Zn(II) relative to the a-MBD (Figure 3 ) (49) . However, it is important to emphasize that it has not yet been shown that Zn(II) is capable of moving from the a-MBD to either site directly within the same polypeptide chain, nor has the affinity of the transmembrane site for Zn(II) in AztA been experimentally determined. Although inter-MBD copper transfer has also been observed among the MBDs in ATP7B, as well as intermolecular transfer between Hah1 and select MBDs in both ATP7A and ATP7B (12, 50, 51) , our data do not support a model of an obligatory transfer from the a-MBD to the b-MBD since inactivation of the b-MBD alone mediates a level of Zn(II) resistance that is nearly as effective as that of the wild-type MBD.
In contrast to the situation with Zn(II), the more thiophilic Cd(II) and Pb(II) ions appear to form kinetically stable interand intramolecularly bridged metal complexes in AztA (Figures 3-5 ), analogous to those observed previously for Cd(II)-bound CadA from L. monocytogenes (20) and metalated copper chaperones (14, 25, 52) (Figure 8B ). Furthermore, this intramolecularly bridged metal complex in AztA aHbH may be electrostatically stabilized as well, due to the anticipated complementary surface potentials of the a-and b-MBDs, with the a-MBD characterized by a small positive patch contributed by the 3 strand with the b-MBD exhibiting a strongly negative surface potential on the R3-4 face of the domain ( Figure S5 of the Supporting Information). The Cd(II) and Pb(II) complexes thus formed may not be a strong allosteric modulator of the ATPase activity relative to the Zn(II) complex, thus providing a means of biasing the metal selectivity of the efflux pump toward Zn(II).
Anabaena AztA, like the closely related Synechocystis ZiaA (53), likely transports Zn(II) from the cytoplasm to the periplasm. The periplasm is known to be important for metal ion partitioning and homeostasis, and this is particularly is not yet known; however, they likely bind Zn(II) (61) and may well influence rates of transport of metal through the membrane. so for cyanobacteria which have unusual requirements for iron, copper, and manganese to supply the photosynthetic machinery with metal cofactors, as well as for other metal ions such as Zn, Co, and Mo (54) . This compartment contains several metal-specific solute binding proteins, including Synechocystis ZnuA (Zn-specific) (55) and FutA2 (Fe III -specific) (56) and Anabaena AzuA (likely Zn-specific) (27) that could function in metal storage and homeostasis of essential transition ions, and at high intracellular loads, in detoxification. Anabaena, like other cyanobacteria such as Oscillatoria breVis (57) and Synechococcus (58) , is known to encode a metallothionein that efficiently sequesters divalent metals in the cytoplasm (59) . Cd binds to Synechococcus SmtA avidly and is readily capable of displacing three of its four bound Zn ions (60) . Anabaena and other cyanobacteria may have evolved partially overlapping or redundant detoxification and storage systems for zinc in a manner that maintains an optimal response to abiological Cd and Pb.
Finally, although similar His-rich sequences have been identified in other Zn/Cd-specific P 1B -type ATPases (53, 57) , the functional role of these regions C-terminal to both the a-and b-MBDs in AztA requires further study. Blast analysis against the complete plant and bacterial genome databases suggests that an AztA-like domain organization of a canonical MBD followed by a His-rich segment in predicted metaltransporting ATPases is not unique and can be found in most classes of bacteria, including Proteobacteria, Firmicutes, Bacteroidetes, and Cyanobacteria, in addition to Arabidopsis. Clearly, the His-rich region between residue ≈77 and 105 in AztA aH is unstructured and/or conformationally dynamic since sequential assignments for most of these resonances could not be obtained due to resonance overlap or conformation exchange broadening ( Figure S4 ). However, addition of a stoichiometric amount of Zn(II) to AztA aH results in movement and chemical exchange broadening of at least a subset of these resonances which is largely paralleled by chemical shift perturbations in the metal binding and 2-3 loops within the folded domain ( Figure 6 ). The simplest interpretation of these spectral changes is that the bound Zn(II) is in intermediate exchange between sites, despite the fact that the His-rich linker binds Zn(II) with an apparent affinity that is weaker than even that of the a-MBD, since mutagenesis of the Cys pair in individual MBDs abrogates high-affinity (K Zn g 5 × 10 5 M -1
) metal binding ( Figure 3) . Binding of metal to these His-rich domains may enhance the on-rate and/or facilitate the transfer of metal between MBDs and the b-MBD and intramembrane sites. Consistent with this, preliminary findings reveal that incubation with antisera raised against the His-rich sequence in Bxa1, a closely related CPx-ATPase from the cyanobacterium O. breVis (39) , significantly decreases the ATPase activity of Bxa1 in vitro (T. Liu, unpublished results). Detailed kinetic studies of metal binding will be required to understand the mechanistic role that these domains play in stimulation of ATPase activity and metal transport across membranes.
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